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Abstract. We have found that a  soluble activity pres- 
ent in the postribosomal supernatant fraction of Sac- 
charomyces cerevisiae stimulates posttranslational 
translocation of yeast prepro-a-factor across yeast 
microsomal membranes.  Stimulation of translocation is 
not due to a  nonspecific affect on ATP levels.  The ac- 
tivity is likely to be due to protein(s) as it is destroyed 
by N-ethylmaleimide, protease, or heat treatment but 
not by incubation with RNase.  Its apparent sedimenta- 
tion coefficient is "~9.6 S. 
M 
UCH  of  what  is  known  about  translocation  of 
proteins across the endoplasmic reticulum (ER) 1 
membrane has been learned using cell-free trans- 
lation systems supplemented with canine pancreatic micro- 
somes (30).  These studies have led to the discovery and iso- 
lation of three of the components involved in the process. 
One of the components, signal recognition particle (SRP) is 
a complex of six proteins and a 7 S RNA (27) that interacts 
with the signal sequence of a nascent secretory protein as it 
emerges from the ribosome (12, 26). In the case ofpreprolac- 
tin synthesized in an in vitro wheat germ translation system, 
interaction of SRP with the nascent chain-ribosome complex 
arrests further translation (26). Translation resumes after the 
arrested complex interacts with the SRP receptor (8), also 
termed docking protein (14), located in the ER membrane. 
As the nascent chain is translocated across the membrane, 
the signal peptide is removed by signal peptidase (3), which 
has recently been isolated as a complex of several polypep- 
tide chains (5). 
Until recently, translocation across the ER was thought to 
be  strictly  co-translational  (29).  However,  it  has  been 
reported  that translocation into canine pancreatic  micro- 
somes can occur posttranslationally, albeit at low efficiency, 
for a truncated form of the human glucose transporter (15) 
and for some fusion proteins (18). In addition, our laboratory 
(32), as well as several others (9, 20, 21), have developed in 
vitro translation/translocation systems with all components 
derived from yeast, and have shown that translocation ofpre- 
pro-a-factor can occur posttranslationally and requires ATE 
In this paper we report the existence and initial character- 
ization of a  soluble activity present in the cytoplasm of S. 
cerevisiae that  is  required  for  efficient translocation  of 
prepro-ct-factor across the membrane of the yeast ER. 
1.  Abbreviations  used in  this paper:  ER, endoplasmic reticulum; NEM, 
N-ethylmaleimide; PRS, postribosomal supernatant; SRP,  signal recogni- 
tion particle. 
Materials and Methods 
Materials 
The  source of most materials has been described (32).  [~-32p]ATP (28 
Ci/mmol) was from New England Nuclear (Boston, MA), Norit was from 
Fisher Scientific Co. (Springfield, NJ), S value standards and Ribonuclease 
A (Type IIIA) were from Sigma Chemical Co. (St. Louis, MO). N-ethyl- 
maleimide (NEM) was from Calbiochem (La Jolla, CA) and proteinase K 
was from Boehringer Mannheim (Indianapolis, IN). 
Preparation of Yeast  Microsomal  Membranes 
The microsomes were prepared as previously described (32) except that the 
cell lysis buffer contained 1 mM phenylmethylsulfonyl  fluoride (PMSF) and 
the membranes were washed with 20 mM Hepes-KOH, pH 7.5, 100 mM 
KOAc, 2 mM Mg(OAc)2, 2 mM dithiothreitol (DTT) (buffer A) instead of 
50 mM triethanolamine acetate, pH 7.5, 1 mM DTT. The membranes were 
stored in buffer A containing 14% glycerol at a concentration of 5 eq lal  -t 
as previously described (25).  These membranes were used for posttrans- 
lational assays (Figs. 2-6). For co-translational assays (Fig.  1), the mem- 
branes were nuclease treated as described (32), and then either extracted 
with 500 mM KOAc, to remove peripheral proteins, or mock-extracted at 
4°C as follows. One of two 400-111 aliquots of nuclease-treated membranes 
at  5  eq  .ttl  -l  received an  equal  volume of buffer A  (mock extraction), 
whereas the other received an equal volume of  20 mM Hepes-KOH, pH 7.5, 
900 mM KOAc, 2 mM Mg(OAc)2,  2 mM DTT (salt extraction). After in- 
cubation on ice for 15 rain, 750 ~tl of these preparations were ovedayed onto 
250-I.tl cushions of either buffer A containing 14% glycerol (mock extrac- 
tion), or 20 mM Hepes-KOH, pH 7.5, 500 mM KOAc, 2 mM Mg(OAch, 
2  mM DTT,  14%  glycerol (salt extraction) and centrifuged in a  TLI00 
tabletop ultracentrifuge with a TLI00.2 rotor (Beckman Instruments, Inc., 
Fultermn, CA) at 65,000  rpm (150,000 gin) for 16 min at 4°C. The super- 
natant and the top half of the cushion (875 ~tl) were removed and discarded, 
625 ~tl of buffer A were added to the pellet and remaining cushion in both 
cases,  and  the membranes resuspended with a  tight fitting glass pestle 
directly in the centrifuge tube. 250 ~tl of buffer A containing 14% glycerol 
were underlayed and the samples centrifuged as above. The supernatant and 
as much of the cushion as possible were removed without disturbing the 
flocculent pellet. The membranes were resuspended in buffer A containing 
14% glycerol to a final volume of 375 ttl, yielding mock-extracted or salt- 
extracted nuclease-treated membranes at 5 eq ~tl  -~. 
Preparation of  Prepro-a-factor  mRNA 
In vitro transcription of a plasmid containing the complete prepro-ct-factor 
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York) using SP6 polymerase was as previously described (13, 32). Prepro-a- 
factor is the precursor of the yeast pheromone a-factor, which is secreted 
by cells of the alpha mating type (23). The precursor has a molecular mass 
of 18,580 D (11) and is thought to have an uneleaved signal sequence (10). 
Upon translocation into the ER, the protein receives three core oligosaccha- 
ride units (10). 
Yeast Translation and Co-translational Translocation 
Yeast translations were performed as previously described (32) except that 
Nikkol was omitted and the compensation buffer was changed to 138 mM 
Hepes-KOH, pH 7.5,  1.187 M KOAc, 25.2 mM Mg(OAc)2,  0.2 mM IYI'T 
to adjust for the new membrane storage buffer.  Each 25-ttl reaction con- 
tained 2 gl of either buffer A containing 14% glycerol or nuclease-treated 
membranes at 5 eq gl  -], and 2 gl of either water or 100 ng ttl  -~ prepro-a- 
factor mRNA. The final conditions were 20 mM Hepes-KOH, pH 7.5, 150 
mM KOAc, 3 mM Mg(OAc)z,  3 m DTT.  The reactions were incubated at 
20°C for 1 h. 
Wheat Germ Translation and 
Co-translational Translocation 
Wheat germ extract was prepared according to Erickson and Blobel (4). To 
reduce background protein synthesis,  1  ml  of wheat germ extract was 
nuclease treated by addition of 2 ~1 of 500 mM CaC12 and 2 gl of-15,000 
U ml  -~ Staphylococcal nuclease. The digestion was carried out at 21°C for 
15 min and then terminated with 4  ~1 of 500 mM EGTA. 
A master mix was prepared that contained (per 25 ~tl reaction): 3 I~l of 
compensation buffer (237 mM Hepes-KOH, pH 7.5, 600 mM KOAc, 2.9 
mM Mg(OAc)2, 23.7 mM DTT,  2.5 mM spermidine), 1.3 gl of an energy 
source and amino acids (10 mM ATP, 390 I~M G-'rE 157 mM creatine phos- 
phate, 490 ~M amino acids except methionine, 0.05 N KOH), 0.2 ttl of 8 
mg ml  -I creatine kinase, 1.5 gl of [3~S]methionine,  and 8 gl of nuclease- 
treated wheat germ extract. 
Each 25-gl reaction contained 14 gl of master mix, 2 ttl of either buffer 
A  containing 14%  glycerol or nuelease-treated membranes at 5  eq ttl  -j, 
and 2 ttl of either water or 100 ng ixl  -~ prepro-ct-factor mRNA. The final 
ionic conditions were 43 mM Hepes-KOH, pH 7.5, 112 mM KOAc, 2.1 mM 
Mg(OAc)2,  3 mM DTT. The reactions were incubated at 20°C (to make 
them comparable to yeast translations) for 1 h. 
Yeast Posttranslational Translocation 
After completion of incubation,  15 ltl of a yeast translation that was pro- 
grammed with prepro-tt-factor mRNA received 2 ttl of compensation  buffer 
(80 mM Hepes-KOH, pH 7.5, 650 mM KOAc, 13 mM Mg(OAc)2,  13 mM 
DTT,  25 mM cycloheximide), 1.37 ttl of an energy source (9.12 mM ATP, 
456.2 mM creatine phosphate), 0.63 ttl of 8 mg ml  -] ereatine kinase, 2 gl 
of either buffer A containing 14 % glycerol or 2 ttl of nuclease-treated mem- 
branes at 5  eq lal  -~.  The final volume was brought to 25  gl with water 
resulting in final ionic conditions of 20 mM Hepes-KOH, pH 7.5, 150 mM 
KOAc, 3 mM Mg(OAc)2.  The reactions were incubated at 20°C for I h. 
Wheat Germ Posttranslational Translocation 
The protocol was the same as for the yeast posttranslational translocation 
except that 15 I.tl of a wheat germ translation that had synthesized prepro-ct- 
factor received 2 ktl of a compensation buffer consisting of 935 mM KOAc, 
19.75 mM Mg(OAc)2, 3.5 mM DTT, 25 mM cycloheximide. The final ionic 
conditions were 25.7 mM Hepes-KOH, 150 mM KOAc, 3 mM Mg(OAc)2. 
Soluble Factor-stimulated 
Posttranslational Translocation 
Prepro-ct-factor was prepared in a  wheat germ translation system as de- 
scribed above, except that the incubation was done at 25°C, which is op- 
timal. The assay consisted of 2 gl of this prepro-a-factor, 2 gl of compensa- 
tion  buffer (37.3 mM  Hepes-KOH,  pH  7.5,  913  mM  KOAc,  18.4 mM 
Mg(OAc)2,  16.3 mM DTT,  25 mM cycloheximide), 1.37 Ixl of an energy 
source (9.1 mM ATE 456.2 mM creatine phosphate), 0.63 gl of 8 mg ml  -~ 
creatine kinase, 2  ~tl of either buffer A  containing 14%  glycerol or 5 eq 
ttl  -~ membranes in buffer A containing 14 % glycerol, and 15 ttl of either 
buffer A or a sample to be tested in buffer A. The final reaction volume was 
25 gl and the ionic conditions were 20 mM Hepes-KOH, pH 7.5,  150 mM 
KOAc, 3 mM Mg(OAc)2.  The reactions were incubated at 200C  for l  h. 
Preparation of  Ribosomes and 
Postribosomal Supernatant (PRS) 
A yeast cytoplasmic fraction was prepared as previously described (termed 
$100-G25,  reference 32), except that 1 mM PMSF was added to the lysis 
buffer.  The ribosomes were removed by centrifugation in a TL100 tabletop 
ultracentrifuge in a TL100.2 rotor (Beckman Instruments, Inc.) at 100,000 
rpm (356,000  g,~g) at 4oc for 30 min. The supernatant was removed and 
is referred to as PRS. The ribosomal pellet was resuspended with a tight 
fitting glass pestle in buffer A to the original volume of the sample. 
Protease Protection Experiments 
The protocol has been described (32). 
ATPase Assay 
First, a  mock wheat germ translation was made that omitted the energy 
source and amino acids,  creatine kinase,  [3~S]methionine,  and mRNA. 
Next, two mock soluble factor-stimulated posttranslational translocations 
were prepared: one containing a yeast PRS and the other containing buffer 
A. They were identical to that already described, except that the energy 
source and creatine kinase were replaced with 1 ttl of 100 mM ATP and 0.5 
gl of [y-32p]ATP (1 gCi) per 25 O.1 of reaction. One of the reactions was 
supplemented with buffer A, whereas the other received PRS as described. 
The final reaction volume was 200 gl and contained 4 mM ATP. 
The reactions were incubated at 20"C and at the indicated times 10-gl 
aliquots were transferred to 1 ml of perchloric acid, 5 mg ml  -t Norit (acti- 
vamd carbon) and incubated at room temperature for 10 min with occasional 
vortexing. The samples were centrifuged for 3 rain in an Eppendorf micro- 
fuge and 0.5 ml of the supernatant was used to determine epm by Cherenkov 
radiation. The assay is a modification of that of Smith and Wells (22) and 
was done in triplicate. 
Treatment of  PRS with NEM, Proteinase K, 
RNase, and Heat 
An aliquot of PRS (15 gl) was incubated with a final concentration of 10 
mM NEM, or 10 mM NEM and 20 mM DTT, or 20 mM IYVI" for 15 min 
at 20°C. PRS (15 gl) was also incubated with a final concentration of 250 
gg ml  -l of proteinase K, or 250 ttg ml  -I proteinase K and 1 mM PMSF, 
or 1 mM PMSF for 30 min at 4°C. An aliquot of PRS (15 Ixl) was treated 
with RNase at a final concentration of 1 mg m1-1 for 15 min at 20*C. An 
aliquot of PRS was also treated at 100°C for 2 min. The final volume for 
each treatment was 17 ~tl, of which 15 ttl was used to assay stimulation of 
posttranslational translocation of prepro-ct-factor. 
Sedimentation Analysis of  PRS 
An aliquot (500 Ix  l) of PRS was placed on a 12-ml glycerol gradient (5-25 %  ) 
in buffer A. The gradient was centrifuged for 20 h at 4"C at 40,000  rpm 
(200,000  g~,g) using an SW40 rotor. Fractions (•0.46  ml) were collected 
using a  fractionator (Auto Densi-Flow IIC; Haake Buchler Instruments, 
Inc., Saddle Brook, NJ), diluted to 2 ml with buffer A, and then concen- 
trated to 40 gl using filters (Centricon 10; Mitlipore Corp., Bedford, MA). 
The ability of 15 ttl of concentrated fractions to stimulate posttranslation- 
al  translocation of prepro-ct-factor was measured.  Sedimentation coeffi- 
cient standards were: cytochrome c (bovine heart), 1.7 S; albumin (human 
serum), 4.6 S; aldolase (rabbit muscle), 7.3 S; and catalase (bovine liver), 
11.4 S. 
Determination of  Percent Translocation 
It has previously been shown (9, 20, 32) that tmnslocation of  prepro-ctffactor 
into yeast microsomes results in the appearance of higher molecular mass 
products. All of these products were protected from degradation by exter- 
nally added protease (9, 20, 32, and Fig. 3, lane 5) indicating they are se- 
questered within the yeast microsome. These products have been shown to 
be core-glycosylated  pmpro-a-factor (9, 20, 32). The modification resulting 
in the 20-kD translocated product however, remains to be defined. 
We have used a Beta Scanning System (Automated Microbiology Sys- 
tems, Inc., San Diego, CA) to quantitate the radioactivity present in our 
dried gels. We have defined translocated products as those from 20 to 32 
kD, and the untranslocated prepro-a-factor as the 19-kD primary translation 
product. Therefore, percent translocation can be calculated by dividing the 
cpm in the 20-32-kD region by the cpm in the  19-32-kD region. 
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Sample preparation and electrophoresis were as previously described (32), 
except that gels were autoradiographed,  instead of fluorographed. 
Results 
To  investigate  whether  an  SRP-like  component bound  to 
yeast microsomes was required for translocation, we started 
with an approach similar to the one that led to the isolation 
of canine SRP (25). This complex was discovered and iso- 
lated  because  salt-washed  canine  pancreatic  microsomes 
were depleted of  their ability to co-translationally translocate 
immunoglobulin light chain (31) and preprolactin (25). Addi- 
tion of the salt-wash to the treated membranes restored the 
translocation competence (25, 31). In an analogous manner, 
we salt-washed yeast microsomes and assayed them for their 
ability to translocate prepro-a-factor both co-translationally 
and posttranslationally (Fig. 1). In a co-translational translo- 
cation assay using a  yeast translation system without sup- 
plemented membranes, only a  small  amount of prepro-a- 
factor was translocated because the translation system was 
almost completely devoid of membranes (Fig.  1 A, lane 2). 
The small amount of translocated product is predominantly 
present as a 20-kD polypeptide that contains an unidentified 
posttranslational modification. However, protease protection 
and endoglycosidase H  sensitivity experiments have previ- 
ously shown (9,  32) that this product is sequestered in the 
microsome and does not contain asparagine-linked core oli- 
gosaccharides.  In  contrast to the  results  obtained without 
membranes, the presence of mock-extracted (control) yeast 
microsomes during translation resulted in efficient transloca- 
tion of prepro-~t-factor (96%, Fig. 1 A, lane 4), as indicated 
by the appearance of  high molecular mass glycosylated prod- 
ucts  (9,  20,  32,  also  see  Fig.  3,  lane 5).  Similarly,  salt- 
extracted microsomes efficiently translocated prepro-ct-fac- 
tor (91%, Fig. 1 A, lane 6). In a posttranslational translocation 
assay,  mock-extracted microsomes translocated 69 % of the 
prepro-ct-factor (Fig.  1 A,  lane 8),  and  the  salt-extracted 
membranes translocated 67 % (Fig.  1 A, lane 9). The ability 
of the mock-extracted and salt-extracted membranes to trans- 
locate prepro-ct-factor to the same extent suggested that ei- 
ther a salt-extractable component was not required for trans- 
location of this protein into the yeast microsomes, or that a 
salt-extractable component was required but was also present 
in  the yeast translation  system and  therefore not limiting. 
There is  a  precedent for a  soluble translocation factor in 
other systems.  Cell  fractionation studies  (28) have shown 
that  canine  SRP exists  in  membrane-bound,  soluble,  and 
ribosome-bound states.  Furthermore, Escherichia coli pos- 
sess a  soluble factor that stimulates translocation (16). 
The  possible  existence of a  soluble  factor in  the  yeast 
translation system, which masked removal of the same factor 
from the membrane, was tested by using a translation system 
that presumably would not contain such a factor and repeat- 
ing the experiment already described. We used a wheat germ 
translation system for this purpose. If the translation system 
was not supplemented with membranes, prepro-ct-factor was 
not translocated (Fig.  1 B, lane 2). The presence of mock- 
extracted yeast microsomal membranes resulted in  "036% 
translocation  of prepro-ct-factor (Fig.  1 B,  lane  4).  Salt- 
extracted  yeast  membranes  translocated  ,048%  of  the 
prepro-ct-factor (Fig. 1 B, lane 6). Furthermore, a posttrans- 
Figure 1.  Co-translational and posttranslational translocation of 
prepro-ct-factor into yeast mock-extracted or salt-extracted micro- 
somes. (.4) A yeast translation system was used. (B) A wheat germ 
translation system was used. Either no membranes (-), or 10 eq of 
nuclease-treated, mock-extracted (M) or nuclease-treated salt-ex- 
tracted membranes (K) were used per 25 ltl reaction. Membranes 
were added co-translationally for lanes 1-6 (Co) and posttransla- 
tionally for lanes 7-9 (Post). The apparent Mr of the polypeptides 
are shown at the left. 
lational  translocation assay yielded the  same  low level of 
translocation (37 %) with both mock-extracted (Fig. 1 B, lane 
8) and salt-extracted (Fig.  1 B, lane 9) yeast membranes. 
Since both membrane preparations translocated prepro-a- 
factor to about the same extent, these data again suggested 
that  a  salt-extractable membrane  component was  not  re- 
quired to translocate this protein. In addition, the lower level 
of translocation obtained with the  wheat germ translation 
system compared with the yeast translation system suggested 
that some component in the yeast translation system might 
be required for efficient translocation. 
It should be noted that translocation of prepro-a-factor 
into yeast microsomes from a wheat germ translation (Fig. 
1 B) not only resulted in inefficient translocation, but also in 
inefficient glycosylation. This is evident from the relatively 
large proportion of aberrantly glycosylated products in the 
21-26-kD range after translocation in the wheat germ system 
(Fig.  1 B, lanes 4, 6, 8, 9), which were not produced when 
the yeast translation system was used (Fig.  1 A, lanes 4,  6, 
8, 9). These products were shown to be glycosylated because 
they were sensitive to endoglycosidase H,  which removes 
asparagine-linked core oligosaccharides (data  not shown). 
This finding suggested that, in addition to a soluble translo- 
cation factor, yeast may possess a soluble factor required for 
efficient glycosylation. 
Since translocation of prepro<t-factor was more efficient 
in a yeast translation system than in a wheat germ translation 
system, we reasoned that supplementation of a wheat germ 
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in 25  ~tl soluble  factor-stimulated  posttransfational  translocation 
reactions (see legend to Fig. 2 and Materials and Methods) and then 
a protease protection experiment was done as previously described 
(31). The final concentration of trypsin was 100 gg/ml and that of 
Triton X-100 was 1% wt/vol. 
Figure 2.  Yeast PRS stimulates posttranslational  translocation  of 
prepro-ct-factor. Soluble factor-stimulated posttranslational  trans- 
location assays were done as described in Materials and Methods. 
In summary, prepro-a-factor,  previously  synthesized in a wheat 
germ translation system, was combined with an ATP regenerating 
system and yeast microsomes  in the presence  of cycloheximide. 
This mixture was supplemented with the indicated fractions and in- 
cubated for 1 h. (A) Either 15 ~tl of buffer, a yeast cytoplasmic frac- 
tion ($100), yeast ribosomes (Ribos), a wheat germ translation sys- 
tem (I~G), or 2, 4, 8, or 15 ~tl of yeast PRS were used per 25 ~tl 
reaction. (B) The experiment in A was done in triplicate and quanti- 
tated as described  in Materials  and Methods. 
system with yeast components might restore efficient translo- 
cation.  We could not perform this experiment using a  co- 
translational assay because yeast components inhibit transla- 
tion in the wheat germ system (data not shown). We therefore 
synthesized prepro-ct-factor in a wheat germ translation sys- 
tem,  terminated  translation  with  cycloheximide,  added  an 
energy generating system and yeast microsomes, and then 
added either buffer or a yeast cytoplasmic fraction. Although 
the addition of buffer alone resulted in a low level of translo- 
cation (20 %, Fig. 2, lane 1), the addition of a yeast transla- 
tion  system greatly stimulated translocation (71%,  Fig.  2, 
lane 2).  This result indicated that a factor(s) present in the 
yeast translation system facilitated posttranslational translo- 
cation of prepro-et-factor. Another possible interpretation of 
these results is that wheat germ contains an inhibitor of trans- 
location that is somehow inactivated by yeast PRS. At pres- 
ent we have no direct way of testing this possibility. 
To localize the translocation-stimulating activity, we frac- 
tionated the yeast translation system into a ribosomal pellet 
and a PRS. We found that very little activity resided with the 
ribosomes (27% translocation, Fig. 2, lane 3) and that most 
of the activity was in the PRS (84%,  Fig.  2,  lane  7).  The 
percent of prepro-a-factor that was translocated was depen- 
dent on the amount of PRS added (Fig. 2, lanes 4-7). These 
results are plotted in Fig. 2 B. 
To test for the source of the background translocation (Fig. 
2, lane 1, 20% translocation, 22.4 +  2.4% for three experi- 
ments) we supplemented the reaction with more wheat germ 
extract (Fig. 2, lane 8, 22 % translocation, 22.5  5:2.3 % for 
three experiments). We found no stimulation of translocation 
over background, suggesting that wheat germ does not con- 
tain a factor that can substitute for the yeast factor. This con- 
firmed our original assumption. The amount of background 
translocation was dependent on the membrane concentration 
used, regardless of whether mock-extracted or salt-extracted 
membranes were used (data not shown). This suggested that 
either some translocation-stimulating factor is bound to the 
membrane in a non-salt-extractable fashion, or that a factor- 
independent pathway for translocation exists. If the latter is 
true then the factor may serve to increase the efficiency of 
translocation. 
Since we assayed translocation by the appearance of glyco- 
sylated products (and the  20-kD translocated product,  see 
references 9 and 32), it was possible that we had detected an 
activity that stimulates glycosylation without affecting trans- 
location. This would be the case if prepro-a-factor could be 
translocated in the absence of PRS but the glycosylation step 
required PRS. A protease protection experiment was there- 
fore  done  to  investigate  whether  any  translocated,  un- 
glycosylated prepro-ct-factor was present in the absence of 
PRS. Very little prepro-ct-factor was translocated in the ab- 
sence of PRS (21%,  Fig.  3,  lane 1).  Trypsin almost com- 
pletely degraded the primary translation product but did not 
digest the background translocated products (Fig. 3, lane 2). 
When the membranes were solubilized with detergent before 
digestion with trypsin, the background transloeated products 
were completely proteolyzed (Fig. 3, lane 3), but little or no 
further  digestion  of the  primary  translation  product  oc- 
curred. These data suggested that the unglycosylated product 
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Figure 4. PRS does not stimulate translocation through a nonspe- 
cific affect on ATP levels. Mock soluble factor-stimulated post- 
translational translocation assays were prepared  as described  in 
Materials and Methods. 4 mM ATP supplemented with [¥-32p]ATP 
was used instead of an ATP generating system. Release of 32p was 
measured in triplicate as described in Materials and Methods. 
was not sequestered in the microsomes since most of it was 
degraded  by  externally added  trypsin.  Furthermore,  the 
small  amount of undigested material was probably aggre- 
gated because it was not degraded in the presence of deter- 
gent. These data indicated that little or no translocated, un- 
glycosylated prepro-ct-factor was present in the absence of 
PRS. Therefore, the addition of PRS did not affect only the 
glycosylation step,  because  there  is  no  translocated,  un- 
glycosylated substrate for the glycosylation apparatus to act 
upon. These experiments indicated that the PRS contained 
a  factor or factors that affect the translocation step.  These 
results  however,  do not rule out the possibility that  PRS 
affected both the translocation and glycosylation steps. 
A  protease protection experiment of the PRS-stimulated 
reaction showed that the glycosylated products (Fig. 3, lane 
4) were protected from degradation in the absence (Fig. 3, 
lane 5), but not in the presence (Fig. 3, lane 6), of  detergent. 
This  indicated  that  the  glycosylated products  are  trans- 
located. It is also evident that there are translocated products 
of intermediate molecular mass between the 32-kD glyco- 
sylated product and the primary translation product. We be- 
lieve that these products are a population of heterogeneously 
glycosylated products (17, 24) because they are sensitive to 
endoglycosidase H  (data not shown). 
Since  post,  translational  translocation  of prepro-~t-factor 
into yeast microsomes requires ATP (9, 21, 32), the translo- 
cation-stimulating  effect of PRS  might be explained by a 
PRS-dependent change in ATP levels during the time course 
of the translocation. For example, if yeast microsomes con- 
tain an ATPase similar to that found in liver microsomes (19), 
and the PRS contains an inhibitor of the ATPase, then the 
ATP regenerating system in a reaction containing PRS will 
take longer to become depleted than in a  reaction without 
PRS. 2 Addition of PRS would therefore result in a  longer 
time during which translocation could take place and the 
process would appear to be stimulated.  We tested this by 
measuring the hydrolysis rate of ATP in mock translocation 
reactions in the absence and presence of PRS (Fig. 4). The 
presence of PRS in translocation reactions did not result in 
2.  The ATP level is held constant by the energy generating system until 
creatine phosphate is depleted.  Therefore,  the critical  variable  affecting 
availability of ATP is time, not concentration. 
Figure 5.  PRS is inactivated by NEM, protease, and heat but not 
by RNase. PRS was treated with the indicated reagents as described 
in Materials and Methods before use in soluble factor-stimulated 
posttranslational translocation assays. PrK, proteinase K. 
a statistically significant change in the rate of ATP hydrolysis 
compared with control reactions. Therefore, PRS does not 
significantly affect the time period during which transloca- 
tion can take place. These data indicate that the transloca- 
tion-stimulating  effect of PRS  is  not  mediated  through  a 
nonspecific effect on the endogenous ATP concentration. 
To determine the nature of the component(s) in the PRS 
that stimulated translocation, the PRS was pretreated with 
NEM, proteinase K, RNase, or heat and then the modified 
PRS was assayed for activity. Treating PRS with NEM, a re- 
agent that alkylates sulphydryl groups, reduced translocation 
(Fig. 5, lane 3) from the level obtained with untreated PRS 
(Fig.  5,  lane 2)  to the background level (Fig.  5,  lane 1). 
When DTT was used to inactivate the NEM before incuba- 
tion with PRS,  the translocation activity was not inhibited 
(Fig.  5,  lane  4).  To  further  substantiate  that  the  PRS- 
stimulated translocation of prepro-a-factor is due, at least in 
part, to a  protein component, PRS was preincubated with 
proteinase K. Translocation was reduced to background lev- 
els when protease-treated PRS was used in the assay (Fig. 
5,  lane 5).  Proteinase K  had little effect on translocation 
when PMSF, an inhibitor of proteinase K, was included in 
the preincubation (Fig. 5, lane 6). Whether translocation is 
dependent on RNA  was  tested  by treating  the  PRS  with 
RNase.  RNase  did  not  appreciably  reduce  translocation 
(Fig. 5, lane 7) compared with control levels. PRS was also 
shown to be heat labile (Fig. 5, lane 8).  To control for the 
possibility that the lack of appearance of glycosylated prod- 
ucts was due to inhibition of a putative soluble glycosylation 
factor, instead of  a translocation factor, we used protease pro- 
tection experiments to test for translocated, unglycosylated 
prepro-ct-factor. Treatment of PRS with NEM or heat did 
not result in accumulation of translocated, unglycosylated 
prepro-alpha factor (data not shown),  confirming that the 
translocation-stimulating activity was inhibited. A protease 
protection experiment could not be done with  proteinase 
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sedimentation coefficient of ,o9.6 S. (,4) PRS was centrifuged into 
a glycerol gradient as described in Materials and Methods. The gra- 
dient was fractionated and the samples concentrated and then used 
in soluble factor-stimulated posttranslational transloeation assays. 
(B) Quantitation of the experiment was performed as described in 
Materials and Methods. Background translocation, defined as the 
amount of translocation obtained when buffer instead of a gradient 
fraction was assayed, has been subtracted. In this experiment the 
value was 18% translocation. 
K-treated PRS because of the presence of the protease inhib- 
itor  PMSE  These  results  indicated  that  translocation  of 
prepro-et-factor  is stimulated by a PRS component(s), which 
is sensitive to NEM and heat, but resistant to RNase, and 
therefore most likely proteinaceous. In addition, either the 
translocation and/or the putative glycosylation-stimulating 
activity of PRS is destroyed by proteinase K. 
To estimate the size of the translocation factor, an aliquot 
of PRS was centrifuged through a 5-25 % glycerol gradient. 
Since the recovery of translocation activity in fractions col- 
lected from the gradient was low (,,025 %) each fraction was 
concentrated 10-fold before assaying. The activity profile is 
shown in Fig. 6 A and quantitated in Fig. 6 B. The peak of 
activity is in fraction 13, which corresponds to a sedimenta- 
tion value of -o9.6 S. The fact that our activity recovery is 
low suggests either that the active component is being inacti- 
vated during centrifugation or that there is more than one 
component in the PRS required for translocation and that 
they are being separated on the gradient. If the latter is the 
case, then the activity peak at 9.6 S may represent the overlap 
of peaks of two or more components with S values above and 
below 9.6 S. It is interesting to note that fractions on either 
side of the activity peak that produce the same amount of 
translocation result in the appearance of a different popula- 
tion of glycosylated products (compare fractions 9 and 17). 
Fractions towards the top of the gradient result in more effi- 
cient glycosylation than the denser fractions do, as indicated 
by a higher proportion of fully glycosylated prepro-Q-factor. 
The cause of this effect remains to be determined. However, 
it  is  possible  that  a  soluble  factor  required  for  efficient 
glycosylation travels through the gradient with a sedimenta- 
tion coefficient <9.6 S. This would also explain why our ac- 
tivity recovery is  low,  since our assay,  the production of 
glycosylated prepro-et-factor, depends on both translocation 
and glycosylation. 
Discussion 
An in vitro translocation system with all components derived 
from yeast has recently been developed (9, 20,  32). It was 
shown that yeast prepro-a-factor can be posttranslationally 
translocated in this system and that the process requires ATP 
(9, 21, 32). In th~s paper we report the existence and initial 
characterization of a  soluble activity present in  the yeast 
cytoplasm that stimulates posttranslational translocation of 
prepro-a-factor. 
The factor is not associated with yeast microsomes in a 
salt-extractable fashion, nor is it associated with ribosomes. 
Rather, the activity is present in a yeast PRS fraction. We 
have shown that the factor does not stimulate translocation 
through a nonspecific effect on ATP levels. The activity can 
be destroyed by NEM, protease, or heat treatment, and is 
therefore, at least in part, proteinaceous. RNase treatment 
under physiological conditions does not deplete the activity. 
Finally, we have found that the activity sediments at ,,o9.6 S. 
It is possible that the translocation-stimulating effect of 
PRS is due to more than one factor. It should be emphasized 
that, although the activity sediments at ,,o9.6 S, this activity 
peak may be the result of peak overlap from two or more fac- 
tors with sedimentation coefficients above and below 9.6 S. 
This may be the reason for the low activity recovery obtained 
with the sedimentation analysis. 
It has recently been shown that posttranslational transloca- 
tion and glycosylation of a truncated form of bovine opsin 
is also dependent on the presence of PRS (Greenburg, G., 
and G. Blobel, unpublished observations). Therefore we be- 
lieve that the factor is not specific for only prepro-et-factor. 
Furthermore, we prepared our extract from diploid a/tt cells 
that do not synthesize et-factor (23). If the translocation fac- 
tor were specific for prepro-a-factor it seems unlikely that 
it would be synthesized in diploid cells. 
It is possible that the factor acts in targeting secretory and 
integral membrane proteins to the ER in a manner analogous 
to that of canine SRP. If this is the case, the factor probably 
interacts with  the  signal  sequence.  Canine  SRP  is  found 
about equally distributed between membrane-bound, ribo- 
some-bound, and soluble forms (28). In contrast, we have 
detected the yeast factor predominantly in soluble form. By 
the criterion of RNase sensitivity, the soluble factor does not 
appear to contain RNA, which is unlike SRP (27). On the 
other hand, both the yeast factor and SRP are susceptible to 
alkylation by NEM (25), although this may be coincidental. 
Finally, it is noteworthy that we assay for the yeast factor by 
posttranslational addition of PRS. If the factor interacts with 
prepro-a-factor to stimulate translocation, it must be able to 
do so after the peptide chain is complete. This is in contrast 
to the co-translational interaction of SRP with the nascent 
chain (12, 26). It should be noted however, that Hansen et 
al. (9) have demonstrated that canine SRP can interact with 
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into  canine  microsomes,  although  inefficiently.  Further- 
more, Mueckler and Lodish (15) reported that SRP can inter- 
act posttranslationally with a truncated  form of the human 
glucose transporter to facilitate its translocation into canine 
microsomes. 
If the yeast translocation factor does not function in signal 
sequence recognition (which might instead be performed by 
a signal receptor [2, 7] in the membrane) it could serve some 
other function,  perhaps  in the translocation step.  Because 
translocation of prepro-a-factor can occur posttranslation- 
ally, the peptide chain has presumably folded into a stable 
three-dimensional conformation. Therefore, if translocation 
across the membrane requires prior unfolding of the protein, 
an enzyme that unfolds the polypeptide (a denaturase)  may 
be required.  This unfolding may require energy in the form 
of ATP hydrolysis,  and perhaps  the  factor  described here 
serves such a function. 
Much of our data support the possibility that PRS contains 
factors  required  for  both  translocation  and glycosylation. 
First, we have noted that both translocation and glycosyla- 
tion are  inefficient when prepro-~t-factor,  synthesized  in a 
wheat germ translation  system, is translocated  into yeast mi- 
crosomes in the absence of PRS (Fig.  1 B).  Furthermore, 
we used an E. coli PRS to stimulate posttranslational  translo- 
cation  and  found  that  translocation  was  stimulated  but, 
again, glycosylation was very inefficient (unpublished obser- 
vations). These data suggest that the E. coli translocation fac- 
tor (16) can stimulate translocation  of prepro-tz-factor  into 
yeast microsomes, but as expected, this organism does not 
contain a factor capable of stimulating  glycosylation. Finally, 
when the components of PRS are separated  on the basis of 
sedimentation coefficient, we obtain a peak of translocation 
activity,  but with a gradient of glycosylation efficiency across 
the peak.  Fractions towards the top of the gradient,  corre- 
sponding to low sedimentation coefficients, result in more ef- 
ficient glycosylation than fractions towards the bottom of the 
gradient (Fig. 6). This suggests that a factor required for effi- 
cient glycosylation might exist and have a low sedimentation 
coefficient.  Experiments  addressing  this  question  are  in 
progress.  It  is  interesting  to  note  however,  that  the  yeast 
secretory mutant  sec53  (6)  has been postulated to be defi- 
cient in a protein that may be required for efficient glycosyla- 
tion (1). The product of the SEC53 gene is a hydrophilic, 29- 
kD protein that is predominantly cytosolic (1). The presence 
of this protein in yeast PRS, and its absence from wheat germ 
and E.  coli, may explain the results we have obtained. 
We are currently engaged in purification of this yeast trans- 
location  factor.  Once  obtained,  a  rigorous  analysis  of its 
function can be undertaken.  Furthermore,  this factor may 
serve as an entry point from which to begin a genetic analysis 
of protein translocation across the yeast ER membrane. 
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